Abstract: Gene expression levels of heat shock proteins (HSPs) in the slow-twitch soleus and fast-twitch plantaris muscles of rats were determined after hindlimb suspension or spaceflight. Male rats were hindlimb-suspended for 14 d or exposed to microgravity for 9 d. The mRNA expression levels of HSP27, HSP70, and HSP84 in the hindlimb-suspended and microgravity-exposed groups were compared with those in the controls. The mRNA expression levels of the 3 HSPs in the soleus muscle under normal conditions were higher compared with those in the plantaris muscle. The mRNA expression levels of the 3 HSPs in the soleus muscle were inhibited by hindlimb suspension and spaceflight. The mRNA expression levels of the 3 HSPs in the plantaris muscle did not change after hindlimb suspension. It is suggested that the mRNA expression levels of the 3 HSPs are regulated by the mechanical and neural activity levels, and therefore the decreased mRNA expression levels of HSPs in the slow-twitch muscle following hindlimb suspension and spaceflight are related to a reduction in the mechanical and neural activity levels.
It has been reported that gravitational unloading as a result of actual spacefl ight [1] [2] [3] or of simulation model, i.e., hindlimb suspension [4] [5] [6] [7] , inhibits the antigravity activity of skeletal muscles and modulates the neuromuscular properties in rats. Fiber atrophy and a shift from the slowto the fast-twitch phenotype in the fibers of rat skeletal muscles, predominantly in the antigravity slow-twitch muscles, are observed following hindlimb suspension [8] . Furthermore, the myosin heavy-chain isoform IId (IIx), which is not detected in the slow-twitch soleus muscle of normal rats, is newly synthesized following hindlimb suspension [9, 10] .
Heat shock proteins (HSPs), which are observed in cells and tissues, have protective effects against several types of stressors, e.g., enhanced body temperature, increased muscle activity, and/or ischemia; they also act as molecular chaperones to maintain homeostasis in cells and tissues [11] [12] [13] [14] . Several HSP families are classified on the basis of their molecular weights. Various HSPs in the skeletal muscles are known to be stress-inducible proteins responsible for protection against muscle damage and the atrophy induced by protein denaturation. A previous study [15] showed that the protein levels of HSP72 in the soleus and plantaris muscles of rats depended on the muscle activity levels. However, no data are available on the changes in the gene expression levels of skeletal muscle HSPs in response to stressors such as hindlimb suspension or spaceflight, which inhibit muscle activity and therefore induce muscle atrophy. In this study, the mRNA expression levels of HSP27, HSP70, and HSP84 in the slow-twitch soleus and fast-twitch plantaris muscles of rats were examined after hindlimb suspension. Furthermore, the mRNA expression levels of these HSPs in the soleus muscle were analyzed after spacefl ight.
METHODS
All the experimental and animal care procedures were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals published by the Physiological Society of Japan. This study was also approved by the Animal Care and Use Committee of the Japan Aerospace Exploration Agency.
Animals. In one experiment, five 10-week-old male Sprague-Dawley rats were hindlimb-suspended for 14 d. rats were housed in a controlled environment with a 12 h light-and-dark cycle, a temperature of 22 ± 2°C, and a relative humidity level of 45-65%. The rats were given ad libitum access to food and water. The soleus and plantaris muscles were excised under anesthesia (intraperitoneal injection of sodium pentobarbital, 50 mg/kg body weight). The muscles were immediately frozen in liquid nitrogen and stored at -80°C until analyses.
In another experiment, th ree 9-week-old male Sprague-Dawley rats were exposed to a microgravity environment on a space shuttle middeck for 9 d. Three age-matched male rats were maintained under similar conditions and served as ground controls. The rats of both the control and spaceflight groups were given ad libitum access to food bars and water. The temperature, humidity, and 12 h light-and-dark cycle were the same for all rats, which were housed in identical cages, i.e., animal holding facility cages for rodents. The soleus muscle was excised under anesthesia (intraperitoneal injection of sodium pentobarbital, 50 mg/kg body weight). The muscle was immediately frozen in liquid nitrogen and stored at -80°C until analyses.
Tissue processing. The soleus and plantaris muscles were used for array hybridization using nylon membranes with 1176 cDNA spots (Atlas Rat 1.2 Array, Clontech) and 1165 cDNA spots (Atlas Rat 1.2 Array II, Clontech) [16] . The purifi ed polymerase chain reaction (PCR) product was labeled with α-32 P dATP using the Atlas SMART Probe Amplification Kit (Clontech). Forty-two microliters of the PCR product and 1 µl of CDS primer were heated at 95°C for 8 min. After incubation for 2 min at 50°C, a reaction mixture containing 6 µl of 10× labeling buffer, 5 µl of dNTP (without dATP), 4 µl of α-32 P dATP, and 1 µl of Klenow enzyme was added to the PCR product, and the result was mixed and incubated for 30 min. The reaction was terminated by adding 2 µl of 0.5 mol/l ethylenediaminetetraacetic acid. The labeled DNA was purified using QIAquick columns and eluted twice with 100 µl of an elution buffer to yield 5-8 × 10 6 cpm. Array hybridization was performed according to a previously described protocol [16] . The membranes with the 32 Plabeled PCR product were incubated overnight at 68°C. They were washed 3 times in 500 ml of 2× standard saline citrate and 1% sodium dodecyl sulfate at 68°C for 30 min. The membranes were then wrapped in plastic and exposed to an imaging plate in lead sheathing. The film was read with a phosphor imaging system, and the analysis was performed using the Atlasimage software (Clontech). The mRNA levels of HSP27, HSP70, and HSP84 in the muscles of the hindlimb-suspended and spaceflight groups were expressed relative to those of the controls.
Statistics. The data were expressed as the mean and standard deviation. The signifi cance of the differences between the two groups was analyzed by the unpaired t-test. A probability level of 0.05 was considered signifi cant.
RESULTS

Hindlimb suspension
The body weight of the hindlimb-suspended group (332 ± 13 g, n = 5, p < 0.05) was lower than that of the control group (357 ± 10 g, n = 5). The absolute weights of the soleus and plantaris muscles in the hindlimb-suspended group were lower than those in the control group (Fig. 1A) . The relative weight of the soleus muscle normalized by the body weight in the hindlimb-suspended group was lower than that in the control group (Fig. 1B) . However, there was no difference in the relative weight of the plantaris muscle between the control and hindlimbsuspended groups.
The relative mRNA expression levels of HSP27, HSP70, and HSP84 in the soleus muscle of the control group were higher compared with those in the plantaris muscle of the same group (Fig. 2) .
The relative mRNA expression levels of the 3 HSPs in the soleus muscle of the hindlimb-suspended group were lower compared with those of the control group (Fig. 3) . In contrast, there were no changes in the mRNA expression levels of the 3 HSPs in the plantaris muscle following hindlimb suspension (data not shown).
Spacefl ight
There was no difference in body weight between the control (323 ± 5 g, n = 3) and spacefl ight (321 ± 4 g, n = 3) groups. The absolute weight of the soleus muscle in the spacefl ight group was lower than that in the control group (Fig. 4A) . Moreover, the relative weight of the soleus muscle normalized by the body weight in the spacefl ight group was lower than that in the control group (Fig. 4B) .
The relative mRNA expression levels of HSP27, HSP70, and HSP84 in the soleus muscle of the spacefl ight group were lower compared with those of the control group (Fig. 5) .
DISCUSSION
Slow-twitch muscles perform relatively low-intensity and prolonged antigravity activities such as the maintenance of posture and walking. In contrast, fast-twitch muscles are responsible for strength and power activities of a relatively high-intensity and short-duration. Adult rats generally spend ~78% of their time in a recumbent, resting position, keeping the ankle joints in a dorsifl exed position [7, 17] . Continuous electromyography (EMG) of a single neuromuscular unit in rats under normal conditions indicates that ~500,000 impulses are generated per pattern and metabolic capacity, along with mechanical and neural activity levels, would be the factors regulating mRNA expression levels of HSPs.
In this study, decreased mRNA expression levels of HSP27, HSP70, and HSP84 were observed in the soleus muscle, but not in the plantaris muscle, following hindlimb suspension (Fig. 3) . The EMG activities in both the soleus (~86%) and plantaris (90%) muscles were decreased in response to hindlimb suspension, relative to those during rest on the f loor [5, 19] . However, the magnitude of hindlimb suspension induced by reduction in the absolute EMG activity in the plantaris muscle (~90 mV/h) was minor relative to that in the soleus muscle (~473 mV/h). It is suggested that relatively small changes in the total EMG activity of the plantaris muscle hardly affect the mRNA expression level. Furthermore, another possible reason might be that the narrower range of the mRNA expression level of HSPs, especially in the plantaris muscle, compared with the EMG activity may limit the detection of slight changes of the mRNA expression level.
Spacefl ight
Exposure to microgravity induces fiber atrophy and a shift from the slow-to the fast-twitch phenotype in fi bers of the antigravity muscles in rats [23, 24] . Furthermore, decreased oxidative enzyme activities have been observed in the spinal motoneurons innervating skeletal muscles, predominantly slow-twitch muscles, following exposure to microgravity [1] [2] [3] . In this study, decreased mRNA expression levels of HSP27, HSP70, and HSP84 were observed in the soleus muscle following exposure to microgravity (Fig. 5) . It is suggested that the decreased mRNA expression levels of these HSPs in the slow-twitch day in a slow-twitch soleus neuromuscular unit, but only 3,000 impulses are generated per day in a fast-twitch tibialis anterior neuromuscular unit [18] . Similarly, EMG activities (~550 mV/h) of the soleus muscle in rats at rest are approximately 5 times greater than those (~100 mV/h) of the plantaris muscle [5, 19] .
The HSPs are involved in the repair of damaged or denatured proteins and the maintenance of a homeostatic state in the skeletal muscles exposed to stressors, including enhanced body temperature, increased muscle activity, and/or ischemia [11, 12] . In this study, the mRNA expression levels of HSP27, HSP70, and HSP84 under normal conditions were higher in the soleus muscle than in the plantaris muscle (Fig. 2) . Therefore we suggest that the high activity level in the slow-twitch muscle, which was estimated by the EMG recordings, induced increased mRNA expression levels of HSPs.
Hindlimb suspension
The duration and/or intensity of activity and the protein level of HSPs in the skeletal muscles are related. It follows that long-duration and/or high-intensity muscle activity, such as during exercise, stimulates the synthesis of HSPs [20] [21] [22] . In contrast, reduced mechanical [5, 7] and neural activity levels [7] , such as those caused by hindlimb suspension, decrease the protein levels of HSPs [15] . These findings suggest that the mRNA expression levels of HSPs in skeletal muscles depend on mechanical and neural activity levels. We also suggest that the decreased mRNA expression levels of the HSP27, HSP70, and HSP84 in the soleus muscle observed in this study are associated with lowered neural activity, indicated by EMG, and lower mechanical loading levels resulting from plantarfl exion-related passive shortening of skeletal muscle.
Muscle activity patterns may be important in the regulation of mRNA expression levels of HSPs. A previous study [4] reported that hindlimb suspension resulted in a shift in the EMG activity from a tonic to a phasic (which is the typical pattern in the fast-twitch plantaris muscle) in the slow-twitch soleus muscle. Thus the decrease in mRNA expression levels of HSPs in the soleus muscle after hindlimb suspension may also be infl uenced by the shift in muscle contractile properties from the tonic to the phasic pattern.
Furthermore, mitochondrial bioenergetics in the soleus and plantaris muscles are different. The soleus muscle, with higher mRNA expression levels of HSPs, has an oxidative metabolism that is superior to that in the plantaris muscle. Since gravitational unloading also inhibits the mitochondrial enzyme activities in the soleus muscle, but not in the plantaris muscle [23] , such effects on the metabolic properties could be one of the factors responsible for the different responses of mRNA expression levels of HSPs in the two muscles. Therefore the EMG activity 
